Changes in dilution rate did not elicit large and systematic changes in cellular cyclic AMP levels in Escherichia coli grown in a chemostat under carbon or phosphate limitation. However, the technical difficulties of measuring low levels of cellular cyclic AMP in the presence of a large background of extracellular cyclic AMP precluded firm conclusions on this point. The net rate of cyclic AMP synthesis increased exponentially with increasing dilution rate through either the entire range of dilution rates examined (phosphate limitation) or a substantial part of the range (lactose and glucose limitations). Thus, it is probable that growth rate regulates the synthesis of adenylate cyclase. The maximum rate of net cyclic AMP synthesis was greater under lactose than under glucose limitation, which is consistent with the notion that the uptake of phosphotransferase sugars is more inhibitory to adenylate cyclase than the uptake of other carbon substrates. Phosphate-limited cultures exhibited the lowest rate of net cyclic AMP synthesis, which could be due to the role of phosphorylated metabolites in the regulation of adenylate cyclase activity. Under all growth conditions examined, >99.9% of the cyclic AMP synthesized was found in the culture medium. The function of this excretion, which consumed up to 9% of the total energy available to the cell and which evidently resulted from elaborate regulatory mechanisms, remains entirely unknown.
Changes in dilution rate did not elicit large and systematic changes in cellular cyclic AMP levels in Escherichia coli grown in a chemostat under carbon or phosphate limitation. However, the technical difficulties of measuring low levels of cellular cyclic AMP in the presence of a large background of extracellular cyclic AMP precluded firm conclusions on this point. The net rate of cyclic AMP synthesis increased exponentially with increasing dilution rate through either the entire range of dilution rates examined (phosphate limitation) or a substantial part of the range (lactose and glucose limitations). Thus, it is probable that growth rate regulates the synthesis of adenylate cyclase. The maximum rate of net cyclic AMP synthesis was greater under lactose than under glucose limitation, which is consistent with the notion that the uptake of phosphotransferase sugars is more inhibitory to adenylate cyclase than the uptake of other carbon substrates. Phosphate-limited cultures exhibited the lowest rate of net cyclic AMP synthesis, which could be due to the role of phosphorylated metabolites in the regulation of adenylate cyclase activity. Under all growth conditions examined, >99.9% of the cyclic AMP synthesized was found in the culture medium. The function of this excretion, which consumed up to 9% of the total energy available to the cell and which evidently resulted from elaborate regulatory mechanisms, remains entirely unknown.
In a previous study (12) , we showed that two bacteria exhibited markedly higher rates of synthesis of several enzymes of intermediary metabolism when grown at low dilution rates (D) in a chemostat under carbon, nitrogen, or phosphorus limitation. Such an increase in rates of enzyme synthesis in slowly growing bacteria appears to be a general phenomenon (9, 10, 12) , and we speculated (12) that this may be a consequence of increased cellular cyclic AMP levels at low growth rates. This speculation was consistent with the available evidence that an inverse relationship exists between growth rate and cellular cyclic AMP levels of bacterial and mammalian cells (2, (13) (14) (15) and that in mammalian cells contact inhibition of growth is accompanied by a rise in cellular cyclic AMP levels (14, 15) . In fact, extensive studies in mammalian cells, spurred by these observations, have led to the postulation that cellular cyclic AMP levels play a central role in growth regulation and neoplastic transformation (14, 15) .
However, the evidence for an inverse relationship between cellular cyclic AMP levels and growth rates was obtained with batch cultures, which are not suitable for such studies. The environmental conditions in such cultures change continuously and drastically with time, leading to significant changes in cellular cyclic AMP levels even during the logarithmic phase (1), and a change in growth rate can only be achieved by qualitative changes in the environment, which may have effects independent of growth rate. Thus, continuous culture (chemostat) studies of the effect of growth rate on cyclic AMP levels are of interest. This technique permits microbial growth under steady-state conditions and wide changes in growth rate with only a slight alteration in the concentration of a growth-limiting nutrient.
While our studies were in progress, Harman and Botsford (5) and Wright et al. (26) published their chemostat work dealing with cyclic AMP in bacteria. The studies reported here include two growth conditions-lactose and phosphate limitations-not examined by these workers, and the results differ from their findings in some respects.
MATERIALS AND METHODS
Organism and culture conditions. Escherichia coli K-12 was obtained from our departmental culture collection. The basal salts solution employed was very similar to that described previously (12) Table 2 ). In several experiments, culture filtrates were also analyzed; the results agreed closely with the values predicted by total cell culture measurements. A known amount of 3H-labeled cyclic AMP was added to each sample to check the recovery of the cyclic nucleotide during chromatographic purification (see below). Each sample was analyzed at least in duplicate, and often in quadruplicate; average values with standard deviations are presented. After mixing in a Vortex mixer for 3 min, the preparations were centrifuged at 3,000 x g for 15 min at 4°C, and I ml of the supernatant was layered on a glass column (0.4 by 15 cm) containing HCl-treated Dowex 5OW x 4 -H+ resin of 200 to 400 mesh (BioRad Laboratories, Richmond, Calif.). The column was eluted in two volumes of distilled water (3 and 6 ml. respectively), the second eluate containing the cyclic AMP. Nearly all of the radioactive cyclic AMP that had been added at the time of harvest (see above) was present in this fraction, indicating that the recovery of cyclic AMP from the column was very close to 100%.
Two milliliters of this fraction were dried in a stream of warm air and redissolved in 0.8 ml of 50 mM sodium acetate buffer (pH 6.2). Control experiments, in which known amounts of cyclic AMP were subjected to drying and resuspension, showed that no loss of the nucleotide occurred during this step.
Cyclic AMP was assayed by the radioimmunoassay of Steiner et al. (22) . The assay protocol was followed exactly according to the recommendation of the assay kit supplier (New England Nuclear Corp., Boston, Mass.), except that, to increase the sensitivity of the assay (6) 
where Z is the steady-state total cyclic AMP content of the culture, x is the steady-state cell biomass in milligrams of protein, and D is the dilution rate. The specific rate of consumption of the limiting substrate (q) was calculated by the following equation:
where SR is the concentration of the growth-limiting substrate in the inflow medium, s is the residual steady-state concentration of this substrate in the culture medium (assumed to be zero), and x and D are as defined for equation 1. RESULTS Cellular cyclic AMP levels. Initial experiments showed that an excess of cyclic AMP was present in the extracellular fluid under the various growth conditions employed, so that washing of the filters used in estimating cellular cyclic AMP levels appeared to be necessary. However, washing involves further disturbance of the culture steady state and could therefore influence the cellular cyclic AMP levels. A control experiment was done to check this possibility. Organisms were grown under glucose limitation at various D values, and each steady-state culture was sampled repeatedly by filtering 5-ml aliquots through several separate filters. These 172 ± 17 a Aliquots from a steady-state culture were filtered with separate filters. One milliliter of basal medium (i.e., complete medium without carbon source) was used for each wash. The limiting nutrient was glucose.
filters were analyzed for cyclic AMP after zero, one, two, and three washes. The results (Table  1) showed that washing did indeed profoundly influence cellular cyclic AMP levels; more importantly, the effect produced by washing changed with the D value at which the culture had been grown. At low D values (0.05 and 0.10 h-1), the cyclic AMP levels decreased with an increasing number of washes, and the observed decrease appeared to be greater than that expected merely by the removal of extracellular cyclic AMP. For instance, at D = 0.05 h-1, two washes reduced the filter cyclic AMP content by Energy requirement for cyclic AMP synthesis. It was intriguing that under all growth conditions examined, almost all of the cyclic AMP synthesized was excreted into the medium. The proportion of the total available energy that this excretion represented was calculated for selected instances. It was assumed for these calculations that oxidation of 1 mol of glucose generated 26 mol of ATP (i.e., the organism possessed two proton translocating loops [7] ) and that synthesis of a complete molecule of ATP (or cyclic AMP) from glucose required 14 mol of ATP (3) .
The specific rate of glucose consumption was ATP h-1 (mg of protein)-1. The rate of net cyclic AMP synthesis (Fig. 2) under these conditions was 0.224 pLmol of cyclic AMP h-1 (mg of protein)-', which must have required (0.224 x 14) = 3.14 ,umol of ATP h-1 (mg of protein)-'.
Hence, approximately 9% of the total energy produced was used for cyclic AMP synthesis under these conditions. Similar calculations showed that at D = 0.05 h-1, under glucose limitation, cyclic AMP synthesis consumed 5% of the total energy available to the cell and 8% at D = 0.4 h-1 under lactose limitation. The values represent only the energy demand for net cyclic AMP synthesis; depending on the extent to which cyclic AMP phosphodiesterase was active under these conditions, the actual rate and consequently the energy demand for cyclic AMP synthesis would be higher. DISCUSSION A major objective of this study was to determine the relationship between growth rate and cellular cyclic AMP levels in E. coli. However, the presence of an enormous background of extracellular cyclic AMP under all conditions tested complicated these measurements. Washing of the filters used in cellular cyclic AMP assays altered the results profoundly in ways that depended on the antecedent D value of the culture and had to be abandoned. Instead, we corrected the measured values for contaminating extracellular cyclic AMP that remained on the filter. Two findings indicate, however, that this method may not be reliable. First, we found that at D = 0.40 h-1 (lactose limitation) and 0.20 h-1 (glucose limitation), where the extracellular cyclic AMP levels were very high (Table 2) , the application of the correction gave zero or even slightly negative values for cellular cyclic AMP. Second, Buettner et al. (2), who also omitted the washing step in cellular cyclic AMP measurement, reported a much lower value for contamination by extracellular cyclic AMP. Their reconstitution experiments, which involved the use of an adenylate cyclase-negative mutant, showed that the contaminating extracellular cyclic AMP constituted no more than 2 to 3% of the cellular cyclic AMP on the filter. Yet, if our correction method is applied to their data (Fig. 2, 200 -min point), a contribution by extracellular cyclic AMP equal to some 55% of the cellular nucleotide would be indicated. Both of these considerations suggest that, for unknown reasons, the correction method used here leads to an underestimation of cellular cyclic AMP levels.
These uncertainties preclude firm conclusions about cellular cyclic AMP levels. It seems clear, however, that changes in D do not elicit large and systematic changes in cellular cyclic AMP levels in E. coli. A similar conclusion was drawn by Wright et al. (26) for this organism grown under glucose or ammonium limitation. These workers did wash the filters employed in cellular cyclic AMP measurements, but reported no control studies on the effect of washing on these measurements. For this reason and in the light of our results, their findings should also be considered tentative. We conclude that none of the available evidence permits unambiguous conclusions about the relationship between cellular cyclic AMP levels and growth rate in bacteria: the chemostat studies suffer from technical difficulties arising from the presence of a high background of extracellular cyclic AMP, and the batch culture studies are unsatisfactory because of insufficient control of several variables, as discussed above.
Two conclusions appear certain, however: at all growth rates and under all conditions tested, >99.9% of the cyclic AMP synthesized is excreted into the medium, and the net rate of cyclic AMP synthesis increases with increasing growth rates, regardless of the nature of limitation. In this respect, our results confirm those of Wright et al. (26) and Harman and Botsford (5). The former showed excretion of a large amount of cyclic AMP by E. coli grown under glucose, succinate, or ammonium limitation, and the latter showed increased synthesis rates of cyclic AMP in response to increasing D in a phosphodiesterase-deficient mutant of Salmonella typhimurium, although they found a linear relationship between this increase and the D value which we did not find.
The advantage to the organism of elevating the rate of cyclic AMP synthesis in response to increasing growth rate, when nearly all of the nucleotide synthesized was excreted into the medium, is not at all clear. This excretion consumed up to 9% of the total energy ration of the 6ell and thus represented a substantial drain on its resources. When the selective pressures that imperil the survival in nature of even a slightly wasteful organism (4, 27) are considered, it must be assumed that the excretion of cyclic AMP has a salutary effect. What this effect may be remains entirely unknown. This excretion, especially if it is symptomatic of excretion of other compounds as well (8) , also casts doubt on the validity of the Pirt method (20) for the calculation of energy of maintenance and theoretical maximal growth yields. This method assumes that all of the energy produced is coupled to growth or maintenance processes and that the amount of energy not linked to growth processes is independent of growth rate. This is clearly not true for the energy consumed in cyclic AMP synthesis: it can have neither a growth nor a maintenance function, nor does it appear to be constant.
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Harman and Botsford (5) pointed out that their finding of a direct relationship between the cyclic AMP synthesis rate and culture D could not be explained solely on the basis of the current view of the regulation of cyclic AMP synthesis. This view holds that adenylate cyclase is the main locus of this regulation and that the activity of this enzyme is inhibited by the uptake into the cells of carbon substrates, particularly that of sugars of the phosphotransferase system (16, 18, 19) . Such a mechanism would predict enhanced synthesis rates of the nucleotide at low D values by carbon-limited cultures, i.e., the precise opposite of what was observed. They suggested that the specific activity of adenylate cyclase increases with the growth rate (5 The fact that phosphate-limited cultures exhibited markedly depressed rates of cyclic AMP synthesis compared with carbon-limited cultures could be interpreted as being consistent with the view that the phosphorylated form of enzyme I of the phosphotransferase system stimulates adenylate cyclase activity (16, 21) . Phosphate limitation forces the bacteria to dispense with nonessential phosphorylated metabolites from cellular pools (23, 24) . Since phosphorylated enzyme I of phosphotransferase system has no evident role during growth on lactose, which was the carbon source employed, it is reasonable to assume that its pool levels would be low under phosphate limitation and to suspect that this accounted for the lower rates of cyclic AMP synthesis under these conditions. However, an alternate interpretation is that saturating levels of the carbon substrate (lactose) present at all D values under these conditions directly inhibited adenylate cyclase activity. Studies are now in progress to distinguish between these possibilities.
